The genome of an extremely thermophilic bacterium, Thermus thermophilus HB8, contains a single ORF (open reading frame) encoding an RNase-HII-like sequence. Despite the presence of significant amino acid sequence identities with RNase (ribonuclease) HII enzymes, the ORF TTHA0198 could not suppress the temperature-sensitive growth defect of an RNase-H-deficient Escherichia coli mutant and the purified recombinant protein could not cleave an RNA strand of an RNA/DNA heteroduplex, suggesting that the TTHA0198 exhibited no RNase H activity both in vivo and in vitro. When oligomeric RNA-DNA/DNAs were used as a mimic substrate for Okazaki fragments, however, the protein cleaved them only at the 5 side of the last ribonucleotide at the RNA-DNA junction. In fact, the TTHA0198 protein prefers the RNA-DNA junction to the RNA/DNA hybrid. We have referred to this activity as JRNase (junction RNase) activity, which recognizes an RNA-DNA junction of the RNA-DNA/DNA heteroduplex and cleaves it leaving a mono-ribonucleotide at the 5 terminus of the RNA-DNA junction. E. coli and Deinococcus radiodurans RNases HII also cleaved the RNA-DNA/DNA substrates at the same site with a different metal-ion preference from that for RNase H activity, implying that the enzymes have JRNase activity as well as RNase H activity. The specialization in the JRNase activity of the RNase HII orthologue from T. thermophilus HB8 (Tth-JRNase) suggests that the JRNase activity of RNase HII enzymes might be independent of the RNase H activity.
INTRODUCTION
RNase (ribonuclease) H is an enzyme that specifically cleaves an RNA strand of the RNA/DNA heteroduplex endonucleolytically [1] . RNases H are classified into two major families, Type 1 and Type 2, based on amino acid sequence [2, 3] . The Type 1 family contains prokaryotic RNase HI, eukaryotic RNase H1 and the RNase H domain of reverse transcriptase, and the Type 2 family contains prokaryotic RNase HII, eukaryotic RNase H2 and prokaryotic RNase HIII [2, 3] . The Type 1 genes are lacking in a large number of prokaryotic genomes, whereas the Type 2 genes exist in almost all genomes [2] . Therefore Type 2 enzymes can be said to be the more universal RNase H.
Several RNase H enzymes often demonstrate not only RNase H activity but also another unusual activity. For instance, RNase HI from Sulfolobus tokodaii exhibits a double-stranded RNAdependent RNase activity [4] . Archaeal RNases HI [4, 5] and an enzyme consisting of RNase HI and acid phosphatase domains from Streptomyces coelicolor [6] can cleave an RNA-DNA junction (a junction between the 3 side of RNA and the 5 side of DNA) of an Okazaki-fragment-like substrate with cleavages of the RNA/DNA region of the substrate. Some prokaryotic RNases HII [7, 8] , and RNases H purified from K562 human erythroleukaemia cells [9] and fetal calf tissue [10] , cleave a DNA-RNA junction (a junction between the 3 side of DNA and the 5 side of RNA) of DNA-RNA-DNA/DNA hybrids containing a single or several ribonucleotide(s). Furthermore, calf RNase HI (classified in the Type 2 RNase H family [7, 11] ) seems to present a JRNase (junction RNase) activity that recognizes the transition from RNA to DNA on a single-stranded RNA-DNA substrate [12] . It has been discussed that these unique characteristics of RNase H enzymes are important for cellular functions.
Various studies suggest that RNases H are involved in DNA replication, DNA repair, transcription [7, 10, [12] [13] [14] [15] [16] and development in the mouse and fruit fly [17, 18] . Recently, it was also suggested that the Type 2 RNase H is related to the antiviral immune response in humans [19] . Most organisms have multiple RNase H genes with various combinations of RNases HI/1, HII/2 and HIII [2, 3, 20] . The significance of the multiplicity of the RNase H genes in a single genome has been supposed to be to protect cells from a lethal mutation in the RNase H gene [2] . The lethality of a double mutant in both RNase HII and HIII genes in Bacillus subtilis supports this supposition [21] . However, it is also a fact that double mutations in both RNase HI and HII genes in Escherichia coli result only in exhibiting the temperature-sensitive growth defect [21] .
Thermus thermophilus HB8 is an extremely thermophilic bacterium that can grow at 85
• C [22] . From this bacterium only the RNase HI gene, and no additional RNase H genes, was isolated through the use of the temperature-sensitive growth defect of an E. coli RNase-HI-deficient mutant [23] . However, genome analysis (http://www.thermus.org/) has revealed the existence of a single RNase HII gene in the T. thermophilus HB8 genome. The question arises as to why the RNase HII gene was not discovered in a way similar to the RNase HI gene. Therefore the RNase HII orthologue was biochemically analysed. In the present study, the protein is shown to not be an RNase H enzyme but rather a JRNase that favours an Okazaki-fragment-like substrate. In addition, analyses of E. coli and Deinococcus radiodurans RNases HII (Eco-and Dra-RNases HII) as well as JRNase from T. thermophilus HB8 (Tth-JRNase) imply that the definition and uniqueness of the JRNase activity as described previously in calf RNase HI [12] were not reasonable.
MATERIALS AND METHODS

Cells, plasmids and materials
The T. thermophilus HB8 genomic DNA and pBR322 were purchased from TaKaRa Bio, and the D. radiodurans genomic DNA was a gift from Dr I. Narumi (Japan Atomic Energy Agency, Gunma, Japan). The E. coli MIC2067 strain is a double mutant in the rnhA and rnhB genes encoding RNase HI and HII respectively, that has already been published [21] . The plasmids pET-11a and pET-28b, and the E. coli strain Rosetta(DE3) were purchased from Novagen. pET600E as a plasmid for the overexpression of E. coli RNase HII has been described previously [24] . Crotalus atrox phosphodiesterase I was from Sigma. All oligonucleotides containing ribonucleotides for the nuclease assays were synthesized by Proligo.
Construction of plasmids for the in vivo complementation assay
The DNA fragment containing the TTHA0198 gene (Tth-jrn) was amplified by PCR using T. thermophilus HB8 genomic DNA as a template, and was ligated to the NdeI-BamHI site of pET-11a. The primer sequences were 5 -CTGGAGGACCATATGGCCGAAG-GGCCCTTGGAAGCTCC-3 for the 5 -primer and 5 -CGCGC-GGATCCTTAAGGAGCTTCAGGAAACCTTAAGGGAGC-3 for the 3 -primer, where the underlined bases show the positions of the NdeI (5 -primer) and BamHI (3 -primer) sites. The resultant plasmid is referred to as pET-Tth#1. The plasmid pBR-Tth for the complementation assay was constructed by ligating a BglIIBamHI fragment containing the jrn gene from pET-Tth#1 to the BamHI site of pBR322.
In a similar way, the DNA fragment containing the DR1949 gene (Dra-rnhB) was amplified by PCR using D. radiodurans genomic DNA as a template, and was ligated to the NdeI-BamHI site of pET-11a. The primer sequences were 5 -CGGCGGC-CATATGACCGTTCCCTCCACCACTCCCCT-3 for the 5 -primer and 5 -CGCGCGGATCCTTATCAAAGCAGCGGCTCC-GGCGCCGC-3 for the 3 -primer, where the underlined bases show the positions of the NdeI (5 -primer) and BamHI (3 -primer) sites. The resultant plasmid is referred to as pET-Dra#1. The plasmid pBR-Dra was constructed by ligating a BglII-BamHI fragment containing the Dra-rnhB gene from pET-Dra#1 to the BamHI site of pBR322.
The plasmid pBR-Eco was constructed by ligating a BglIIXhoI fragment containing the E. coli rnhB gene from pET600E to the BamHI-SalI site of pBR322.
In vivo complementation assay for RNase H activity
The temperature-sensitive growth phenotype of the E. coli MIC2067 [21] can be relieved by the introduction of a functional RNase H gene. This strain was transformed by the pBR322-derivatives containing jrn or rnhB genes, spread on Luria-Bertani medium plates containing 50 μg/ml ampicillin and 30 μg/ml chloramphenicol, and incubated at 30
• C and 42 • C.
Plasmid construction, overproduction and purification of Tth-JRNase
The plasmid pET-Tth#2 for the overexpression of N-terminal His-tagged Tth-JRNase was constructed by ligating the NdeIBamHI fragment containing the Tth-jrn gene from pET-Tth#1 to the NdeI-BamHI site of pET-28b. Overproduction in E. coli Rosetta(DE3) and sonication of the cells were carried out as described previously [6] . The supernatant of the cell lysate after centrifugation (30 000 g for 30 min at 4 • C) following incubation at 70
• C for 10 min was applied to a HisTrap HP column (1 ml) (GE Healthcare) equilibrated with 20 mM Tris/HCl (pH 8.0) containing 0.5 M NaCl and 50 mM imidazole (buffer A), and the adsorbate was eluted from the column by 20 mM Tris/HCl (pH 8.0) containing 0.5 M NaCl and 0.5 M imidazole (buffer B). The eluted protein was dialysed against 20 mM Tris/HCl (pH 8.0) containing 1 mM EDTA and 150 mM NaCl, concentrated and then used for further analyses. The protein concentration was determined by measuring UV absorption using an A 280 0.1% value of 0.77 for the N-terminal His-tagged Tth-JRNase, which was calculated from values of 1576 M −1 · cm −1 for tyrosine and 5225 M −1 · cm −1 for tryptophan at 280 nm [25] .
Plasmid construction, overproduction and purification of Dra-RNase HII
The plasmid pET-Dra#2 for the overexpression of N-terminal His-tagged Dra-RNase HII was constructed by ligating the NdeIBamHI fragment containing the Dra-rnhB gene from pETDra#1 to the NdeI-BamHI site of pET-28b. Overproduction and sonication were carried out according to the methods described above for Tth-JRNase. As the Dra-RNase HII proteins accumulated intracellularly in an insoluble form, the pellet after centrifugation following sonication lysis was dissolved in buffer A containing 8 M urea. The clear lysate was applied to the HisTrap HP column (1 ml) equilibrated with buffer A containing 8 M urea, and the adsorbate was eluted from the column by buffer B containing 8 M urea. The eluted protein was dialysed against 20 mM sodium acetate (pH 5.5) for refolding, concentrated and used for further analyses. The protein concentration was determined by measuring UV absorption using an A 280 0.1% value of 1.5 for the N-terminal His-tagged Dra-RNase HII, which was calculated as described for Tth-JRNase.
Plasmid construction, overproduction and purification of Eco-RNase HII
The plasmid pET-Eco#2 for the overexpression of N-terminal His-tagged Eco-RNase HII was constructed by ligating the NdeIXhoI fragment containing the E. coli rnhB gene from pET600E to the NdeI-XhoI site of pET-28b. Overproduction and purification were carried out according to the methods described for TthJRNase. The purified protein was dialysed against 20 mM sodium acetate (pH 5.5), concentrated and then used for further analyses. The protein concentration was determined by measuring UV absorption using an A 280 0.1% value of 0.55 for the N-terminal Histagged Eco-RNase HII, which was calculated as described for Tth-JRNase.
Cleavage reactions of oligonucleotides
The oligomeric substrates for the cleavage reactions are shown in Table 1 . The 5 -or 3 -end of the substrates was labelled with FAM (6-carboxyfluorescein; Proligo). The double-stranded substrate (0.5 μM) was prepared by hybridizing the fluorescein-labelled oligonucleotide with a 2 molar equivalent of its complementary oligonucleotide. Hydrolysis of the substrate was carried out at 37
• C for 15 min in 10 mM Tris/HCl (pH 8.0) containing 5 mM MgCl 2 or MnCl 2 , 50 mM NaCl, 1 mM 2-mercaptoethanol and 50 μg/ml BSA. The products were analysed on a 20 % (mismatch at a6)
(mismatch at T7)
polyacrylamide gel containing 7 M urea and quantified using the Molecular Imager FX (Bio-Rad). The products were identified by comparing their patterns of migration on the gel with those of the oligonucleotides generated by partial digestion of the labelled strand with snake venom phosphodiesterase [26] . For determination of the kinetic parameters, the concentrations of the substrate were varied from 0.1 to 4.0 μM. The amount of enzyme was controlled such that the amount of the hydrolysed substrate did not exceed 30 % of the total. The hydrolysis of the substrate with the enzyme follows Michaelis-Menten kinetics and the kinetic parameters, K m and V max , were determined from the Lineweaver-Burk plot.
Fractionation of the purified Tth-JRNase proteins
The Tth-JRNase proteins purified as described above were dialysed against TE buffer [20 mM Tris/HCl (pH 8.0) containing 1 mM EDTA], applied to a column (2 ml) of TOYOPEARL AFHeparin-650M (TOSOH) equilibrated with TE buffer, and eluted from the column by a linear gradient of NaCl from 0 to 0.4 M in TE buffer. Each fraction contained 1 ml of eluate from the column.
Site-directed mutagenesis
The genes encoding the mutant proteins D21N and D111N were constructed by site-directed mutagenesis as described previously [27] . Oligonucleotides used as mutagenic primers were designed to alter the codon for Asp 21 or Asp 111 (GAC) to that for asparagine (AAC). Plasmid construction, overproduction and protein purification were carried out according to the methods described for the wild-type protein.
Figure 1 Multiple alignments of RNase HII orthologues
Tth, Dra and Eco represent TTHA0198 (Tth-JRNase) from T. thermophilus HB8, DR1949 (Dra-RNase HII) from D. radiodurans and Eco-RNase HII respectively. Numbers represent the positions of amino acid residues that start from the initiator methionine for each protein. The asterisks indicate the acidic amino acid residues, which are conserved in RNase HII/2 sequences, and the double asterisks represent indispensable residues for RNase H activity of Type 2 RNase H [30] [31] [32] [33] .
RESULTS
RNase HII orthologue from T. thermophilus HB8
According to genome analysis using the database at http:// www.thermus.org/, the T. thermophilus HB8 genome contains a single RNase-HII-like ORF (open reading frame). The protein encoded by the ORF TTHA0198 possesses three sequence motifs, which are well conserved in Type 2 RNase H sequences [28] , and shows amino acid sequence identities of 44 % with EcoRNase HII and 55 % with RNase HII orthologue (DR1949) from D. radiodurans, a bacterium closely related to T. thermophilus ( Figure 1 ). All six acidic amino acid residues conserved in RNase HII enzymes are also conserved in the RNase HII orthologue from T. thermophilus ( Figure 1 ). Although we also independently searched the genomic database of T. thermophilus HB8 for the other RNase-HII-like ORFs, no likely ORF other than TTHA0198 was found (results not shown).
In vivo complementation assay
E. coli MIC2067 shows an RNase-H-dependent temperature-sensitive growth defect [21] . It grows normally at 30
• C but is unable to form colonies at 42
• C. To examine whether the TTHA0198 complements the temperature-sensitive phenotype of this strain, MIC2067 was transformed with pBR-Tth, in which the promoter for the tetracycline-resistance gene derived from the parental plasmid pBR322 controls the gene expression of TTHA0198. As shown in Figure 2 , the resultant MIC2067 transformants formed no colony at 42
• C. In contrast, the MIC2067 transformants with pBR-Eco and pBR-Dra containing E. coli rnhB and D. radiodurans DR1949 (the RNase HII orthologous gene), which were constructed in a similar way, formed colonies at 42
• C (Figure 2 ). These results suggest that DR1949 and Eco-RNase HII both exhibit enzymatic activity in vivo, but the TTHA0198 cannot exhibit the activity in MIC2067 cells. Since the DR1949 protein also exhibited an RNase H activity in vitro, as described below, we will refer to this protein as RNase HII (Dra-RNase HII), whereas the DR1949 gene is designated Dra-rnhB.
RNase H activity of the TTHA0198 protein N-terminal His-tagged TTHA0198 protein was overproduced in E. coli and purified ( Figure 3) . RNase H activity of the protein was examined under various conditions such as different bivalent metal ions, different pH values (5.5-10.0), or different temperatures • C) using a 3 H-labelled M13 RNA/DNA hybrid in a way similar to the methods as described previously [3] . However, in each case, the TTHA0198 protein showed no significant RNase H activity (results not shown). As shown in Figure 4 (A), the protein did not cleave a 12 bp oligomeric RNA/DNA hybrid in the presence of 5 mM MnCl 2 either. No cleavage of this substrate was also observed in the presence of 5 mM MgCl 2 (results not shown). These results are consistent with the result from the in vivo complementation assay, and suggest that the TTHA0198 possesses no RNase H activity.
Okazaki-fragment-like substrate
Model substrates of an RNA primer of Okazaki fragment during lagging strand synthesis in DNA replication were also examined. The 12 bp RNA-DNA/DNA substrate is an oligonucleotide containing a region of 6 nucleotides of RNA immediately followed by 6 nucleotides of DNA, which is annealed to a complementary DNA ( Table 1 ). The sequence of this substrate is similar to that of the RNA/DNA substrate used in Figure 4 (A). When this RNA-DNA/DNA labelled at the 5 -end of the RNA-DNA strand was used as a substrate in the presence of 5 mM MnCl 2 , surprisingly, the TTHA0198 protein cleaved it only at g5-a6, which is one nucleotide upstream of the RNA-DNA junction ( Figure 4B ). Cleavage efficiency of the 12 bp RNA-DNA/DNA substrate is estimated to be more than 10 5 -fold higher than that of the 12 bp RNA/DNA hybrid (Figure 4) . To prove an association between this cleavage activity and the TTHA0198 protein, the proteins purified through the use of incubation at 70
• C and a Ni 2+ -chelating column as described in the Materials and methods section were fractionated by heparin column chromatography. The purified TTHA0198 proteins were fractionated by using heparin column chromatography (Supplementary Figure S1 at http://www.BiochemJ.org/bj/412/bj4120517add.htm), and the cleavage activities of the 12 bp RNA-DNA/DNA duplex before and after fractionation were examined as described in Figure 4 and compared with each other. Lanes 1-4 represent samples incubated with proteins of 0, 0.014, 0.14 and 1.4 μM respectively. The 24th fraction in Supplementary Figure S1 was used as the TTHA0198 protein after fractionation. 2+ -chelating column as described in the Materials and methods section. †The purified proteins were fractionated using heparin column chromatography. This preparation corresponds to the 24th fraction in Supplementary Figure S1 at http://www.BiochemJ.org/ bj/412/bj4120517add.htm. Figure S1 (at http://www.BiochemJ. org/bj/412/bj4120517add.htm), fluctuations in the cleavage efficiencies were matched to the elution profile of the TTHA0198 proteins. In addition, the cleavage efficiencies ( Figure 5 ) and kinetic parameters (Table 2 ) before and after fractionation were almost the same, strongly indicating that the cleavage activities were intrinsic to the TTHA0198 protein.
As shown in Supplementary
Cleavage at the same site was also observed when MgCl 2 was used as a substitute for MnCl 2 or the substrate labelled at the 3 -end of RNA-DNA strand was used (results not shown). The cleavage efficiency in the presence of 5 mM MgCl 2 was slightly (<10-fold) lower than that in the presence of 5 mM MnCl 2 (results not shown). These cleavages imply that the TTHA0198 protein might prefer the Okazaki-fragment-like substrate including the RNA-DNA junction to the mere RNA/DNA hybrid. Therefore another 16 bp RNA-DNA/DNA substrate (Table 1) was also examined. The TTHA0198 protein also cleaved the substrate in a similar manner (results not shown), strongly supporting that it prefers the RNA-DNA junction to the RNA/DNA heteroduplex. The activity that recognizes the RNA-DNA junction of the RNA-DNA/DNA substrate and cleaves it leaving a monoribonucleotide at the 5 terminus of the RNA-DNA junction, has already been reported in calf RNase HI, and is known as a JRNase activity [12] . As the TTHA0198 never showed an RNase H activity for the mere RNA/DNA hybrid but exhibits only a JRNase activity for the RNA-DNA/DNA heteroduplex, we will refer to this protein as JRNase (Tth-JRNase), whereas the TTHA0198 gene is designated jrn (Tth-jrn).
Similarly, both purified recombinant Dra-and Eco-RNases HII (Figure 3 ) also cleaved the 12 bp RNA-DNA/DNA substrate. The major products of these cleavages were the same as that produced by Tth-JRNase. Both enzymes seemed to prefer the Mg 2+ ion to the Mn 2+ ion for preferential cleavage at g5-a6. The cleavage efficiencies in the presence of 5 mM MgCl 2 as shown in Figure 6 (A) were approx. 10-fold higher than those in the presence of 5 mM MnCl 2 (results not shown). On the other hand, these enzymes preferred the Mn 2+ ion for cleavage of the RNA/DNA hybrid as described previously [3, 24] . Cleavage efficiencies of the 12 bp RNA/DNA substrate in the presence of 5 mM MnCl 2 as shown in Figure 6 (B) were more than 10-fold higher than those in the presence of 5 mM MgCl 2 (results not shown). Therefore cleavage reactions of RNA-DNA/DNA substrates were usually performed in the presence of 5 mM MgCl 2 for Dra-and EcoRNases HII, but 5 mM MnCl 2 for Tth-JRNase. Kinetic parameters of Dra-and Eco-RNases HII for cleavage of the 12 bp RNA-DNA/DNA at the one nucleotide upstream of the RNA-DNA junction are shown in Table 2 .
Assay of other nuclease activities
A series of 12-mers of single-stranded RNA and DNA, doublestranded RNA and DNA, and RNA/DNA hybrid labelled at the 5 -end of DNA (Table 1) were incubated with Tth-JRNase in the presence of 5 mM MnCl 2 or MgCl 2 . However, the absence of cleavage by the protein indicated that Tth-JRNase might have no nuclease activity for these substrates (results not shown). Likewise, no cleavage of these substrates by Dra-RNase HI represented that the enzyme specifically cleaves the RNA strand of the RNA/DNA hybrid (results not shown). It has been previously shown that Eco-RNase HII prefers only an RNA strand of an RNA/DNA hybrid as a substrate [29] .
Cleavage of single-stranded RNA-DNAs
The JRNase activity of calf RNase HI has been defined as an activity that can recognize an RNA-DNA junction of not only RNA-DNA/DNA but also of single-stranded RNA-DNA [12] . To analyse whether Tth-JRNase can recognize an RNA-DNA junction of a single-stranded RNA-DNA, the 12-base and 16-base RNA-DNAs were used as a substrate for Tth-JRNase as well as Dra-and Eco-RNases HII. However, none of them could cleave the single-strand (results not shown). These results suggest that neither Tth-JRNase nor Dra-and Eco-RNases HII can recognize the RNA-DNA junction of a single-stranded RNA-DNA. Therefore the other single-stranded 18-base RNA-DNA strand whose sequence was the same as that around an RNA-DNA junction of a 51-base RNA-DNA strand used as a substrate for calf RNase HI [12] was also employed. As shown in Figure 7(A) , all of the Tth-JRNase, Dra-and Eco-RNases HII cleaved this substrate at the 5 side of the last ribonucleotide at the RNA-DNA junction. However, the sequence of the 18-base RNA-DNA would imply the formation of an incompletely annealed duplex [12] . The white and black arrowheads respectively represent the RNA-DNA junction and the cleavage site as reported previously [12] .
consisting of the two strands or a hairpin loop. Since the putative duplex of the strands as shown in Figure 7 (B) has a mismatch base pair at one ribonucleotide upstream of the RNA-DNA junction, cleavage of a 12 bp RNA-DNA/DNA hybrid with a mismatched base pair at the position was tested. Three enzymes could cleave the substrate at the expected site as if there was no mismatched base pair ( Figure 8A) , showing that they do not require complete hybridization at the cleavage site of RNA-DNA/DNA for their activity. Therefore it seems likely that cleavage, as shown in Figure 7 (A), would depend on hybridization of the 18-base RNA-DNAs by themselves. Incidentally, these enzymes also cleaved a 12 bp RNA-DNA/DNA hybrid with a mismatched base pair at one ribonucleotide downstream of the RNA-DNA junction ( Figure 8B ).
DNA-RNA-DNA/DNA substrates
To analyse the recognition of a DNA-RNA junction, DNA-RNA-DNA/DNA hybrids (5 -CGTCCC[rA] 1 or 4 CCGTGC-3 ) as used previously [7] was used as a substrate for Tth-JRNase. As shown in Figure 9 (A), Tth-JRNase cleaved the [rA] 4 substrate only at a phosphodiester bond between the third and fourth adenosines, which is one ribonucleotide upstream of the RNA-DNA junction, but could not cleave this substrate at the DNA-RNA junction. However, cleavage at the DNA-RNA junction was observed when the [rA] 1 substrate was examined ( Figure 9B ). Similar cleavages of these substrates were also observed in Dra-and Eco-RNases HII with minor cleavages at the DNA-RNA junction for the [rA] 4 substrate ( Figure 9 ).
JRNase activity of mutant proteins
Aspartate residues corresponding to Asp 21 and Asp 111 for TthJRNase (as shown in Figure 1 and Supplementary Figure S2 at http://www.BiochemJ.org/bj/412/bj4120517add.htm) have been reported to be indispensable for RNase H activity of Type 2 RNase The RNA-DNA/DNA hybrids with a mismatched base pair around the RNA-DNA junction were incubated with Tth-JRNase, Dra-or Eco-RNases HII. The substrates have a mismatched base pair at one ribonucleotide upstream (the a6 position of the RNA-DNA strand) (A) or downstream (the T7 position of the RNA-DNA strand) (B) of the RNA-DNA junction, and the 5 -end of the RNA-DNA strand was labelled. Lanes 1-12 represent samples equivalent to those as described in Figure 6 . M represents products resulting from partial digestion of the 12-base RNA-DNA with snake venom phosphodiesterase.
H [31] [32] [33] [34] . To analyse whether these residues are also required for the JRNase activity of Tth-JRNase or not, the mutant proteins D21N and D111N in which the aspartate residues were replaced by asparagine were prepared, and their JRNase activities were examined by using the 12 bp RNA-DNA/DNA hybrid. As shown in Figure 10 , D21N exhibited no JRNase activity, suggesting that the Asp 21 residue in Tth-JRNase is important for the JRNase function. On the other hand, D111N showed slight but significant JRNase activity, and the activity was at least 100-fold lower than that of the wild-type protein. Substitutions of the amino acid residues influenced the JRNase activity, supporting that the activity must be caused by Tth-JRNase.
DISCUSSION
TTHA0198 protein is not an RNase H enzyme
The RNase HII orthologue from T. thermophilus HB8, TTHA0198, is a JRNase enzyme that recognizes an RNA-DNA junction of an RNA-DNA/DNA substrate and cleaves the substrate leaving a mono-ribonucleotide at the 5 terminus of the RNA-DNA junction. This Tth-JRNase exhibited no RNase H activity even if a longer RNA/DNA hybrid such as M13 RNA/DNA hybrid was used as a substrate and the reaction was performed at a higher temperature, with the assumption that the enzyme originated from an extremely thermophilic bacterium. The enzyme never cleaved an RNA/DNA heteroduplex without the RNA-DNA junction. Therefore at present it is not an RNase HII enzyme, regardless of significant amino acid sequence identities with RNase HII enzymes. However, yeast RNase H2A (a polypeptide displaying amino acid sequence identity with prokaryotic RNase HII) does not show an RNase H activity by itself and requires additional factors (RNase H2B and H2C) for an RNase H activity [37] . Similarly, it might not be until interacting with unidentified extra factors that Tth-JRNase demonstrates an RNase H activity.
We think that the origin of Tth-JRNase would be an RNase HII enzyme. An RNase HII orthologue from T. thermophilus HB27 as well as one from HB8 also shows no RNase H activity (N. Ohtani, unpublished work), whereas RNase HII from D. radiodurans, a bacterium closely related to T. thermophilus, exhibited the RNase H activity. It remains to be investigated what selective pressure made the RNase HII-like protein from Thermus sp. to lose its RNase H activity.
JRNase
JRNase activity was first reported in calf RNase HI, and defined as the activity that recognizes a transition from RNA to DNA on a single-stranded RNA-DNA substrate [12] . However, no cleavage of the 12-base and 16-base single-stranded RNA-DNAs means that Tth-JRNase cannot recognize the transition from RNA to DNA on the single-strand. The cleavage of the 18-base singlestranded RNA-DNA would be attributed to an incompletely annealed homoduplex structure by the strands themselves, as shown in Figure 7 (B), which can be cleaved by Tth-JRNase. The sequence of this 18-base RNA-DNA substrate is the same as that around an RNA-DNA junction of a 51-base RNA-DNA strand used for calf RNase HI [12] . Therefore the JRNase activity of calf RNase HI does not necessarily imply that the enzyme might recognize the transition from RNA to DNA on the single-stranded 51-base RNA-DNA because the 51-base RNA-DNA would also likely form a partial duplex region by the strands themselves as shown in Figure 7 (C). In the present study, we have defined the JRNase activity as an activity that recognizes the RNA-DNA junction not of the single-stranded RNA-DNA but rather of the RNA-DNA/DNA heteroduplex, and cleaves the substrate leaving a mono-ribonucleotide at the 5 terminus of the RNA-DNA junction. By this definition, it can be said that Dra-and Eco-RNases HII as well as calf RNase HI also exhibit the JRNase activity, but the activity only represents part of the RNase H activity on the surface. At this point, Tth-JRNase, which presents only the JRNase activity without the RNase H activity, is a highly unique enzyme.
In contrast with the RNA-DNA junction, the DNA-RNA junction seems to be an uninviting target for Tth-JRNase ( Figure 9A ). Although it is certain that Tth-JRNase can cleave the DNA-RNA junction of the DNA-[rA] 1 -DNA/DNA substrate as shown in Figure 9 (B), it is speculated that Tth-JRNase would recognize the site only as the 5 side of the last ribonucleotide at the RNA-DNA junction. In the case of Dra-and Eco-RNases HII, cleavage efficiencies at the DNA-RNA junction of the DNA- 
JRNase activity of RNase HII enzymes
Although Dra-and Eco-RNases HII cleave the 12 bp RNA/DNA hybrid in an almost random manner, with preference at a6-u7, they preferentially cleave the 12 bp RNA-DNA/DNA hybrid at g5-a6 as the 5 side of the last ribonucleotide at the RNA-DNA junction ( Figure 6 ). As sequences of the two substrates are almost the same except for the difference between DNA and RNA, the different cleavage patterns between RNA/DNA and RNA-DNA/ DNA allow us to speculate that Dra-and Eco-RNases HII would also recognize the RNA-DNA junction. The fact that the enzymes cleaved the 16 bp RNA-DNA/DNA substrate at one ribonucleotide upstream of the RNA-DNA junction (results not shown) supports this speculation. Moreover, the amount of the enzymes required for complete cleavage of the 12 bp RNA-DNA/DNA substrate in the presence of MgCl 2 is roughly at least 10-fold lower than that of the 12 bp RNA/DNA in the presence of MnCl 2 ( Figure 6 ), suggesting that the enzymes slightly prefer the RNA-DNA junction to the RNA/DNA heteroduplex. Other archaeal RNases HII [7, 31, 32, 35] , bacterial RNases HII [3, 7, 8] and eukaryotic RNase H2 [9, 10, 12, 14, 34, 36] containing calf RNase HI, whose amino acid sequence shows similarity to eukaryotic RNase H2 [11] , also exhibit a preferential cleavage at the 5 side of the last ribonucleotide at the RNA-DNA junction of the RNA-DNA/DNA or DNA-RNA-DNA/DNA substrate, suggesting that they have the JRNase activity. The JRNase activity is probably a common feature of RNases HII/2.
The JRNase activities of RNases HII/2 seem to be included in the RNase H activities on the surface. However, Tth-JRNase as the RNase HII orthologue exhibits only the JRNase activity, implying that the JRNase activity can be separated from the RNase H activity. From this perspective, it is likely to be suggested that the JRNase activity is a novel molecular function of RNase HII/2 enzymes (N. Ohtani, unpublished work).
Catalytic centre(s) for JRNase and RNase H activities
Dra-and Eco-RNases HII prefer the Mn 2+ ion for RNase H activity but the Mg 2+ ion for JRNase activity ( Figure 6 ). Calf RNase HI also seems to prefer the Mg 2+ ion to the Mn 2+ ion when the RNA-DNA/DNA substrate is used [36] . The specificity of metal ions for each activity suggests that the conformation of the catalytic centre of the RNase HII/2 protein would change depending on the variety of the metal ion, and/or the catalytic centre for the JRNase activity would be partially distinct from that for the RNase H activity. However, the cleavage positions of the RNA/DNA substrate in the presence of MgCl 2 by Dra-and Eco-RNases HII are the same as those in the presence of MnCl 2 (results not shown), implying that conformation of the catalytic centre for RNase H activity might not dramatically change. The result of site-directed mutagenesis of Tth-JRNase shows that, among the acidic amino acid residues corresponding to active site residues for Type 2 RNase H, Asp 21 is indispensable for JRNase activity, but Asp 111 is not absolutely necessary ( Figure 10 ). The aspartate residue equivalent to Asp 111 is demonstrated to be indispensable for RNase H activity by using a M13 RNA/DNA hybrid in Thermococcus kodakaraensis RNase HII [30] and by using a 18 bp RNA-DNA/DNA duplex in Archaeoglobus fulgidus RNase HII [31, 32] , whereas mutation of the residue in S. cerevisiae RNase HII seems to result in a loss of RNase H activity but has little influence on the ability to cleave a DNA-RNA 4 -DNA/DNA substrate at the 5 side of the last ribonucleotide at the RNA-DNA junction [34] . However, these analyses do not strictly distinguish JRNase activity from RNase H activity. Actually, the 18 bp RNA-DNA/DNA duplex used for A. fulgidus RNase HII represents the substrate for not RNase H but rather JRNase activity. To explain whether the catalytic centre for JRNase activity is identical with that for RNase H activity, active site residues for RNases HII/2 or Tth-JRNase should be re-analysed by using each substrate for JRNase and RNase H activities. In addition, crystal structural analyses of Tth-JRNase or RNase HII/2 with the substrates also need to be performed. These projects are now in progress. Incidentally, the aspartate residue equivalent to Asp 111 seems not to be indispensable for the JRNase activities of RNase HII enzymes unlike the report on A. fulgidus RNase HII [31, 32] (N. Ohtani, unpublished work).
Physiological functions of Tth-JRNase
The RNA-DNA/DNA heteroduplex is a model substrate for RNA primers of the Okazaki fragment during lagging strand synthesis in DNA replication, and the DNA-RNA 1 -DNA/DNA hybrid is a model substrate for a single ribonucleotide misincorporated into DNA. As Tth-JRNase cleaves these substrates in a manner similar to RNases HII/2, the enzyme is considered to be involved in DNA replication and repair as proposed in RNases HII/2 [7, 10, 13, 14, 37, 38] . Viewed from another perspective, the proposed mechanism means that the JRNase activity rather than the RNase H activity of RNases HII/2 would be required for DNA replication and repair. However, as the enzymes result in leaving a mono-ribonucleotide at the 5 terminus of the RNA-DNA junction, other factors such as DNA polymerase I in bacteria [38] or flap endonuclease in archaea and eukarya [14, 35] are required for complete removal of the ribonucleotide(s). To clarify the physiological functions of Tth-JRNase, the jrn mutant strains of T. thermophilus HB8, which were a single mutant of jrn, double mutants with polA encoding DNA polymerase I or rnhA encoding RNase HI, and a triple mutant of jrn, polA and rnhA, were constructed (N. Ohtani, unpublished work). They can grow as well as the wild-type strain, suggesting that the jrn gene as well as the rnhA and polA genes would not be essential for cell viability. These strains are under analysis, and the physiological functions of the Tth-JRNase remain to be determined.
As shown in the present study, Tth-JRNase as an RNase HII orthologue never exhibited RNase H activity in vivo and in vitro. This would be a reason why this gene was not isolated from T. thermophilus HB8 genome through the use of the temperaturesensitive growth defect of an E. coli RNase HI-deficient mutant [23] . To complement this temperature-sensitive phenotype, the RNase H activity rather than JRNase activity seems to be required.
